Equilibrium constants for the binding of ethyl (EIC), n-butyl (BIC), p-toluenesulphonylmethyl (TMIC) and 2,6-dimethylphenyl isocyanides (DIMPI) to an imidazole-haem complex in toluene and aqueous detergent micelle solutions were determined. In contrast to an earlier study, which indicated that the large affinities of myoglobin for binding DIMPI and 2, 
INTRODUCTION
Alkyl isocyanides with alkyl groups of different size have been used as probes for assessing the steric accessibility of the haem iron in haemoproteins (St. George & Pauling, 1951; Ainsworth et al., 1960; Brunori et al., 1972; Stetzkowski et al., 1979; Reisberg & Olson, 1980a-c; Mims et al., 1983) . Differences in the binding constants of alkyl isocyanides to a model haem complex in detergent micelle and haemoproteins have also indicated a partitioning effect of the hydrophobic haem environment on binding .
Recently, Wood et al. (1987) reported the binding of aromatic isocyanides to haemoglobin and myoglobin and observed a 500-and 5000-fold higher binding constant for 2,6-dimethylphenylisocyanide (DIMPI) and 2,6-diethylphenylisocyanide (DEPI) relative to ethylisocyanide (EIC), respectively. Based on calculated steric and partitioning effects of these alkyl isocyanides, it was concluded that the greater binding constants for DIMPI and DEPI were due to an electronic effect. (The standard free energies calculated were in error owing to misuse of the factor for converting calories to joules.)
To determine whether the observed difference between the DIMPI and EIC binding constants is due to such an electronic effect and also to quantify this effect, we report the direct measurement of equilibrium binding constants of alkyl and aromatic isocyanides to a sterically unconstrained model, imidazole protohaem dimethyl ester (Im-Haem) .
EXPERIMENTAL

Materials
Methyl and ethyl isocyanides were synthesized according to the procedure of Casanova et al. (1963 with an aqueous sodium dithionite solution. The resulting solutions containing CO at atmospheric pressure and an imidazole concentration of 3.5 x 10-3 M contain essentially pure monocarbonyl-monoimidazolehaem (Rougee & Brault, 1975 (10-20 #d) was then injected into the cuvette using a gastight syringe (Hamilton) to obtain 100 % myoglobin-CO complex. The concentration of CO in solution was calculated from the partial pressure of CO in the gas phase of the cuvette and the solubility of CO in water [9.6 x 10-4 M/atm (1 atm = 101 325 Pa); Olson et al., 1983] . The partial pressure of CO in the gas phase was computed from the ratio of the volume of pure CO gas injected to the volume of the gas phase in the sealed cuvette bottle. The myoglobin-CO complex was then titrated with a DIMPI stock solution using a 25 ,l gas-tight syringe with a repeating dispenser attachment. The isocyanide binding constant was calculated from KobS, and the reported binding constant for CO to myoglobin as described above for isocyanide binding to model haem complexes.
RESULTS
Fig t Calculated using KCO = 3.3 x 108M-1 for chelated protohaem ester and a solubility of CO = 11.7 x 10-3 M/atm t Calculated using KCO = 4.4 x108 m-1 for chelated protohaem ester (Traylor & Stynes, 1980 ) and a solubility of CO = 7.5 x 10-3 M/atm (White et al., 1979) . § Chelated protohaem is protohaem-N-[mono-3-(1-imidazole)propylamide] monomethyl ester in benzene . Table 2 shows the equilibrium constants for isocyanide binding to the Im-Haem complex and chelated protohaem in detergent micelle . The binding constants for EIC and n-butyl isocyanide (BIC) to the Im-Haem complex are somewhat larger than those reported for chelated protohaem. However, the ratio of and the CO concentration. The equilibrium constant for DIMPI binding to myoglobin, KDIMPI, was calculated from KObS and the reported equilibrium constant for CO The KDImpI/KEIc is 3.5 compared with a ratio of 500 observed by Wood et al. (1987) .
DISCUSSION
Equilibrium constants for the binding of EIC, BIC, and DIMPI to the sterically unconstrained Im-Haem model in toluene have been measured to evaluate directly differences in electronic properties of these aliphatic and aromatic isocyanides. Olson et al. (1983) have previously observed that differences in the basicity of the aliphatic isocyanides, which may result from differences in the alkyl group, do not significantly affect the equilibrium binding constant to chelated protohaem. The similarity of equilibrium constants for EIC and BIC binding to the Im-Haem complex in toluene is in agreement with this observation. Moreover, the EIC and BIC binding constants are also similar to those reported for the chelated protohaem (Table 1 ). The binding constant for TMIC is 20-fold higher than that for BIC, which is in good agreement with the value reported for chelated protohaem (Traylor & Stynes, 1980 (Table 2) . The equilibrium constant for DIMPI binding to ImHaem is 11 fold higher than the EIC binding constant, which suggests that the hydrophobic effect is not large enough to account for all of the 500-fold higher binding constant observed for DIMPI relative to EIC binding to myoglobin.
Based on the results of these model studies, which suggest that neither the electronic nor the hydrophobic effect can account for the large binding constant observed for DIMPI to myoglobin, the equilibrium constant for DIMPI binding to myoglobin has been re-measured. The equilibrium constant for DIMPI binding to myoglobin is 7.6 x 105 M-1, which is much less than the value (1 x 108 M-1) reported by Wood et al. (1987) The ratio of KDImPI/KE for myoglobin is only 3.5 compared with that for the model which is KDIMPI/KEIC = 11, which would indicate that DIMPI is being sterically hindered. To evaluate the extent of the steric effect, standard free energies of binding were analysed by a more recent method of Mims et al. (1983) . Mims et al. (1983) evaluated the extent of steric interaction between the alkyl isocyanide and protein in haem proteins by considering the differences between the free energies of ligand binding to a sterically unconstrained chelated protohaem model in a soap micelle and to the haem protein according to the following expression:
AGprot. =RTln(Ksoap/Kobs.)
AGprot. is a measure of both the steric interaction between the ligand and the protein at the sixth coordination site and the proximal effect at the fifth coordination site. This type of analysis is based on the assumption that the hydrophobic environment in the micelle is similar to that of the protein and that the homologous series of alkyl and aromatic isocyanides will equally be affected by any proximal effect. Traylor et al. (1979) and Traylor (1981) have demonstrated that the penta-co-ordinated haem model in micelles exhibits spectral properties as well as CO and 02 rate and equilibrium constants very similar to those of R-state haemoglobin. Based on a study of the effect of solvent on the absorption maxima of Im-haem complexes, it has further been suggested that the haem environment in myoglobin is similar to the hydrophobic environment of a detergent micelle (Romberg & Kassner, 1982) . It has been shown in model studies in benzene that the homologous series of alkyl isocyanides exhibit equivalent binding constants and likewise that myoglobin and the R-and T-states of haemoglobin show no differences in binding among the homologous series of alkyl isocyanides as a result of proximal differences Mims et al., 1983) . Therefore, differences in AGprot between CO and alkyl isocyanides are a measure of steric effects between the alkyl isocyanides and the protein at the sixth coordination site. Table 3 shows the AGprot values for the binding of alkyl and aromatic isocyanides to myoglobin. In the absence of any steric effect, AGprOt would be constant for each of the isocyanides. An increase in AGprot values as the size of the ligand increases is consistent with an increase in steric interaction as previously observed for haemoglobin and myoglobin ).
An increase in the value of AG rot of 0. for haemoglobin (Reisberg & Olson, 1980a) and KbenzYl/ KC-hexyl = 20 for myoglobin ]. i-T Interactions could provide a secondary bonding interaction between the ligand and the protein analogous to the H-bonding interaction between 02 and the distal histidine in haemoglobin and myogloblin. Alternatively, the irTir interactions could increase the iron-ligand bond strength by inductively affecting the electronic properties of the ligand. The absence of a significant difference between the binding constants of DIMPI and alkyl isocyanides in toluene would suggest that this latter effect is less likely.
The results indicate that there is no intrinsic electronic effect on ligand binding associated with differences between alkyl and aromatic isocyanides as previously indicated. Furthermore, the results show that differences between alkyl and aromatic isocyanide binding constants to myoglobin are much smaller than those previously reported.
